The Unifoliata (Uni) gene plays a major role in development of the compound leaf in pea, but its regulation is unknown. In this study, we examined the effects of plant hormones on the expression of Uni, PsPK2 (the gene for a pea homolog of Arabidopsis PID, a regulator of PIN1 targeting), PsPIN1 (the major gene for a putative auxin efflux carrier) and LE (a gibberellin biosynthesis gene, GA3ox), and also examined mutual hormonal regulation of these genes, in pea shoot tips, including a number of mutants. The Uni promoter possessed putative auxin and gibberellin response elements. The PsPIN1 mRNA levels were increased in afila, which replaces leaflets with branched tendrils; and reduced in tendrilless, which replaces tendrils with leaflets, compared with the wild type (WT). In contrast, mRNA levels of LE were increased in uni and tendrilless and decreased in afila compared with the WT. Uni, PsPK2 and PsPIN1 are positively regulated by gibberellin and auxin, and were induced to higher levels by simultaneous application of auxin and gibberellin. Auxin induction of Uni, PsPK2 and PsPIN1 did not require de novo protein synthesis. LE was positively regulated by auxin and cytokinin. In conclusion, these results support the hypothesis that auxin and gibberellin positively regulate Uni, which controls pea compound leaf development. Also, Uni, PsPIN1, PsPK2 and LE are expressed differentially in the leaf mutants, suggesting that mutual regulation by auxin and gibberellin promotes compound leaf development.
Introduction
Gibberellin, auxin and cytokinin are three classic plant hormones known to regulate plant growth and development. Gibberellin has long been recognized as playing roles in stem and petiole elongation, root development, seed germination and flowering. The biosynthetic pathway has been worked out, and many dwarf, gibberellin mutants are known in a variety of plant species. Most of these mutants have a defect in one of the enzymes in gibberellin synthesis. The an1 (maize), ls (pea) and ga1(Arabidopsis) mutants have defects in ent-CDP synthase, which catalyzes an early step in ent-kaurene synthesis (Sun and Kamiya 1994 , Bensen et al. 1995 , Ait-Ali et al. 1997 , Ross et al. 1997 . The lh (pea) and dx (rice) mutants affect ent-kaurene oxidase, which converts ent-kaurene to ent-kaurenic acid (Swain et al. 1995 , Ogawa et al. 1996 , Ross et al. 1997 . The na mutant of pea has a defective coding sequence for ent-kaurenoic acid oxidase (Davidson et al. 2003) . Gibberellin 20-oxidase (GA20ox) is the next important enzyme in this pathway, and ga5 is an Arabidopsis mutant that is defective in this enzyme activity (Xu et al. 1995 ). Mendel's dwarf pea mutant, le along with ga4 (Arabidopsis), d1(maize) and dy (rice) affect gibberellin 3-oxidase (GA3ox), which converts inactive GA 20 to active GA 1 (Ross et al. 1997) . Most of the GA20ox and GA3ox genes are down-regulated by applied gibberellin (Yamaguchi and Kamiya 2000, Olszewski et al. 2002) , but the genes encoding gibberellin 2-oxidase (GA2ox), which converts active GA 1 to inactive GA 29 , are up-regulated by gibberellin treatment (Thomas et al. 1999 , Elliott et al. 2001 . Auxin is known to regulate gibberellin levels by enhancing transcription of GA20ox and GA3ox and reducing that of GA2ox (Ross et al. 2000) .
Auxin is an essential hormone that also provides directional and positional information for plant growth and development. The major, naturally occurring auxin, IAA, is transported in a polar manner in plants. PINFORMED1 (PIN1), the putative auxin efflux carrier, controls polar IAA transport via its position and function (Ga¨lweiler et al. 1998 , Palme and Ga¨lweiler 1999 , Friml and Palme 2002 . Benkova´et al. (2003) showed that lateral organ initiation and/or outgrowth requires local accumulation of auxin, and this process requires correct targeting of PIN1. The Arabidopsis Ser/Thr kinase, PINOID (PID) enhances IAA transport and targeting of PIN1 (Benjamins et al. 2001 , Friml et al. 2004 ). Both physiological and genetic studies have provided evidence that auxin, PIN1 and PID play roles in leaf primordium initiation, phyllotaxy, lamina shape and vascular patterning (Palme and Ga¨lweiler 1999 , Aloni et al. 2003 , Benkova´et al. 2003 , Heisler et al. 2005 . Both PIN1 and PID are transcriptionally up-regulated by auxin (Benjamins et al. 2001 , Peer et al. 2004 , Heisler et al. 2005 .
Cytokinins have diverse effects on physiological and developmental processes in plants including cell division, shoot and root development, and senescence. Werner et al. (2003) showed that overexpression of cytokinin oxidase, producing cytokinin-deficient transgenic Arabidopsis plants, resulted in stunted shoots with reduced growth rates, small apical meristems and reduced leaf expansion. These results indicate that cytokinins are necessary for shoot apical meristem maintenance, leaf initiation and development, and reproductive development.
An important aspect of understanding the role that hormones might play in regulating developmental processes is to determine whether developmental genes regulate hormone levels or vice versa (Hay et al. 2004 ). The function of KNOX transcription factors provides an example of interactions between a developmental gene and hormones. These interactions involve gibberellin, auxin and cytokinin. Interactions between gibberellin and KNOX play an important role in leaf morphogenesis in Arabidopsis and tomato. LeGA20ox1 mRNA levels are reduced in two tomato leaf mutants that have highly dissected leaves due to TKn2 overexpression, and gibberellin application rescues these mutants (Hay et al. 2002) . Further, Hay et al. (2002 Hay et al. ( , 2004 demonstrated that reduced AtGA20ox1 mRNA expression and reduced gibberellin levels are a direct result of KNOX activity in Arabidopsis, and gibberellin application rescues KNOX misexpression leaf phenotypes. KNOX overexpression plants possess elevated cytokinin levels and it has often been noted that KNOX overexpression phenotypes resemble cytokinin overexpression phenotypes (Hay et al. 2004) . Recently, Jasinski et al. (2005) showed that KNOX activates cytokinin biosynthetic genes and that cytokinin stimulates GA2ox transcription, thus mediating gibberellin catabolism.
The connection between auxin and KNOX function and leaf development is more tenuous. However, when Scanlon (2003) cultured maize shoot tips on auxin transport inhibitors, ectopic expression of KNOX proteins occurred in margins of leaves with abnormal morphology. Recently, Heisler et al. (2005) showed that expression domains of SHOOTMERISTEMLESS in the inflorescence meristem of Arabidopsis are patterned by auxin accumulation and accumulation cycles.
Pea (Pisum sativum) is among those plant species with mutations known to affect many aspects of plant development. Therefore, there is an extensive body of knowledge on the genetics of many developmental processes including gibberellin biosynthesis and gibberellin-auxin interactions during shoot development. Pea has a complex, pinnately compound leaf, and mutants that span an extensive range of leaf forms. Pea leaves have large, foliaceous stipules at their base, a distinct petiole, pairs of lateral pinnae and a terminal pinna. On the normal or wild-type (WT) leaves, the basal or proximal pinnae are leaflets and the distal and terminal pinnae are simple tendrils. The mutants are afila (af ) and acacia/tendrilless (tl ). Leaflets on af plants are replaced by branched tendrils, creating leaves with only tendrils, and tendrils on tl plants are replaced by leaflets, creating leaves with only leaflets (Marx 1987 , Lu et al. 1996 , Villani and DeMason 1999a . The af tl double mutant possesses leaves with branched pinnae, each segment of which ends in a miniaturized leaflet (Marx 1987, Villani and DeMason 1997) . The unifoliata (uni) and tendrilled acacia (uni-tac) mutants have a terminal leaflet and a reduced number of pinna pairs, with the missing ones being the distal pairs (Sharma 1972, DeMason and Schmidt 2001) . Adult uni leaves are typically simple or trifoliate. Adult uni-tac leaves have 2-3 proximal leaflet pairs and 0-1 distal tendril pairs. The Uni gene and two mutant uni alleles have been identified and sequenced, and this gene is the pea ortholog of LEAFY (LFY) in Arabidopsis (Hofer et al. 1997) . uni is thought to be a null mutant since an amino acid substitution occurs in a conserved domain (Hofer et al. 1997) . uni-tac has a normal coding sequence, but transcript levels are low (DeMason and Schmidt 2001) .
Although LFY is generally described as being a floral identity gene in Arabidopsis, the Uni gene is the major gene controlling 'compoundedness' in pea leaves. Uni mRNA is present in flower buds and developing leaves (Hofer et al. 1997 , Gourlay et al. 2000 , DeMason and Schmidt 2001 . In WT, uni and uni-tac, Uni is expressed throughout young leaf primordia but, after initiation of the first pinna pair, its expression is restricted to the distal-most leaf tip until the terminal pinna begins differentiation (DeMason and Schmidt 2001) . This is five plastochrons for WT, four for uni-tac and three for uni. However, Uni mRNA is ectopically expressed in the developing compound pinnae of af genotypes (Gourlay et al. 2000) . In fact, using reverse transcription-PCR (RT-PCR), it is clear that Uni mRNA is differentially expressed in the shoot tips of the various pea leaf mutants. It is much more abundant in af and af tl but less abundant in uni-tac and uni than in the WT (DeMason and Chawla 2004a). Busch and Gleissberg (2003) have proposed that two redundant pathways for leaf dissection (KNOX1 and FLO/LFY/UNI) is the ancestral condition in eudicots. Both mechanisms may have been retained in some lineages with compound leaves, whereas one or the other has been lost in others. Pea currently provides the best model system for studying the role of FLO/LFY/UNI in the development of compound leaves.
Although molecular characterization of pea leaf development is still in its infancy and the af and tl genes have not been identified, steady progress is being made. Careful morphological and anatomical analysis has provided evidence that the placement of leaflets and tendrils is tightly controlled and that opposing gradients of Af and Tl gene expression determine pinna form (Lu et al. 1996 , Villani and DeMason 1999b . Af has stronger effects on the petiole and proximal pinnae, whereas Tl has stronger effects on distal and terminal pinnae (DeMason and Villani 2001) .
Using a tissue culture system developed for testing hormonal and inhibitor effects on pea leaf and shoot development, Chawla (2004a, 2004b) and DeMason (2005a) found that auxin transport inhibitors and gibberellin biosynthesis inhibitors have significant effects on pea leaf development, and the abnormalities generated are also characteristic of leaves on the uni and uni-tac mutants. Further, the uni-tac mutant can be rescued by auxin and gibberellin application in the presence of cytokinin (DeMason 2005a). These results implicate interaction between auxin, gibberellin and possibly cytokinin signaling and Uni function as important controlling factors in pea leaf morphogenesis. To pursue these studies, we cloned the AtPIN1 and PID orthologs, PsPIN1 and PsPK2 from pea DeMason 2004, Bai et al. 2005) . Both these genes are ubiquitously expressed throughout pea plants, but their mRNAs are especially abundant in growing parts. PsPK2 is differentially expressed in the pea leaf form mutants in a similar pattern to that of Uni; higher in the af and af tl genotypes and lower in uni-tac. Both PsPIN1 and PsPK2 mRNA levels are regulated by auxin and gibberellin DeMason 2004, Bai et al. 2005) , which suggests that these hormones might interact to regulate pea leaf development.
In this study, we focus on the Uni gene and attempt to determine whether hormones and interactions between them play a role in Uni, PsPK2 and PsPIN regulation of pea leaf development. PsPK2 and PsPIN1 presumably function in auxin transport, which plays an important role in leaf development, and these genes have already been determined to be regulated by auxin and gibberellin DeMason 2004, Bai et al. 2005) . We use expression of LE as another important control gene, since it is also regulated by both hormones and plays a regulatory role in gibberellin biosynthesis (O'Neill and Ross 2002 
Results

Uni promoter sequence
We obtained 2.5 kb of the Uni promoter and 5 0 -untranslated region by genome walking (Fig. 1 ). An AuxRR-core, which is a regulatory element known to be involved in auxin responsiveness, was found at four locations, À664 to À670 (GGTCCAT), À1,874 to À1,888 (GGTCAAT), À1,894 to À1,888 (GGTCCCT) and À2,487 to À2,481 (GGTCCAA). Many putative light-responsive elements such as theACE motif, AE-box, CG-motif, G-box, GA-motif, I-box, L-box, MRE and others were present on the Uni promoter, suggesting that Uni is possibly regulated by light. The Uni promoter also possessed 21 P-boxes (À664, À1,874, À1,894, À2,487) . Gibberellin response elements: P-boxes (À235, À768, À908, À1,083, À1,178, À1,206, À1,363, À1,504, À1,704, À1,763, À1,847, À1,890, À2,025, À2,149, À2,230, À2,257, À2,283, À2,294, À2,351, À2,481, À2,505) are designated by black lines, and TATC-boxes (À356, À1174, À1767, À2097) are designated by gray rectangles.
Hormone regulation of gene expression in pea shoot tips(pyrimidine box CCTTTT) and four TATC-boxes, which are gibberellin-responsive elements, found in a-amylase promoters from rice, wheat and barley (Skriver et al. 1991 , Gubler and Jacobsen, 1992 , Rogers et al. 1994 , Mena et al. 2002 . The well known gibberellin-MYB (GA-MYB) transcriptional factor is also known to mediate gibberellin regulation of many plant genes including LFY (Gocal et al. 2001 , Woodger et al. 2003 . No sites for GA-MYB binding were found in the Uni promoter. We decided to test for auxin and gibberellin responsiveness experimentally.
Expression of PsPIN1 and LE in shoot tips of WT and the pea leaf mutants: tl, af, af tl, uni-tac and uni Both Uni and PsPK2 expression has been shown to be differentially regulated in the classic pea leaf mutants. We wanted to determine if PsPIN1 and LE are also differentially regulated. PsPIN1 mRNA levels were lower in tl than in WT shoot tips. They were much more abundant in the af and af tl genotypes and only slightly higher in the uni mutant compared with the WT (Fig. 2) . In contrast, LE mRNA was much more abundant in uni and tl shoot tips, but less abundant in af and af tl compared with the WT (Fig. 2) . All genes show distinct patterns of differential expression in these genotypes.
Gibberellin responses of PsPK2, PsPIN1, Uni and LE Three experimental approaches were used to test the expression of these four genes in response to gibberellin. First, we compared the expression levels in a set of gibberellin mutants with that in their related WT lines. Secondly, we made a na1 uni-tac double mutant line and observed the leaf phenotypes. Finally, we treated WT shoot tips with exogenous GA 3 .
The mRNA levels of PsPK2, PsPIN1 and Uni were higher in the shoot tips of NA, LH LS and LE genotypes than in those of na1, lh2, ls1 or le1. On the other hand, LE mRNA levels were higher in the gibberellin mutants compared with their related WT lines (Fig. 3) . PsPIN1 and LE mRNA levels relative to DEAD box mRNA levels in shoot tips of WT, tl, af, af tl, uni-tac and uni. DEAD box was used as a control for equal loading. n ¼ 2.
LH LS
Like the na1 parent genotype, the leaves and leaflets on na1 uni-tac plants were small and dark green. Leaves on adult plants were compound and typically were either trifoliate (not shown) or possessed two pairs of lateral leaflets and a terminal leaflet (Fig. 4) . Only rarely did leaves possess tendrils. These tendrils were short and had no thigmotropic response. When present, they occurred at an upper lateral pinna position (Fig. 4A) . Leaves on the sibling uni-tac plants were similar to those described for the parent genotype (DeMason and Schmidt 2001) . Adult leaves on uni-tac had 3-4 pinna pairs and a terminal leaflet. The lateral pinna pairs consisted of three pairs of leaflets and 0-1 pair of simple tendrils (Fig. 4A) . Therefore, the reduction in gibberellin levels caused by the introduction of na1 resulted in a reduction in leaf complexity compared with uni-tac, and these double mutants produced leaves that were intermediate in form between the uni-tac and uni genotypes (Fig. 4B ). uni is thought to be a null mutant (Hofer et al. 1997) . Adult leaves on na1 uni-tac plants were also simpler than those on the na1 parent ( Fig. 4B ), which typically has two pairs of leaflets, two pairs of tendrils and a terminal tendril (DeMason 2005a). WT plants have the most complex leaves, with 2-3 pairs of leaflets, three pairs of tendrils and a terminal tendril (Fig. 4B) .
To verify further the gibberellin responsiveness predicted by promoter sequence, we examined the time course and dosage response of Uni, as well as those of PsPK2, PsPIN1 and LE in pea shoot tips as a result of exogenous gibberellin application. PsPK2 mRNA increased most (approximately 2-fold) after 4 h of 75 mM GA 3 treatment compared with the control (Fig. 5A ). mRNA levels of PsPIN1 and Uni peaked at 2 h and were reduced by 4 h. The mRNA levels of these two genes were about 6.5-and 3.6-fold higher, respectively, than the untreated control at the 2 h treatment. In the dose-response experiment, PsPK2, PsPIN1 and Uni mRNA levels were most abundant at 75 mM GA 3 , and were less abundant in the other treatments, although they were higher than the untreated control in all treatment concentrations (Fig. 5B ). mRNA levels of LE were lower than that of control 1 (untreated shoot tips) (Fig. 5A , B) but higher than that of control 2 (water treatment) (Fig. 5C ). They increased in a dose-dependent manner compared with the water treatment control (Fig. 5B) . The mRNA levels of PsPK2, PsPIN1, Uni and LE incubated in GA 3 were about 2-, 3-, 12 and 3-fold higher, respectively, than in cycloheximide (CHX) þ GA 3 (Fig. 5C ). Therefore, protein synthesis is necessary for gibberellin induction of all four genes.
Auxin application and PsPIN1, Uni and LE expression
We examined PsPIN1, Uni and LE mRNA abundance in pea shoot tips in response to treatment by different auxins, both natural and synthetic, weak vs. strong, as well as those that differ in their propensities to be metabolized. PsPIN1 mRNA levels were higher in response to all auxins compared with controls. 4-Chloro-IAA (4-Cl-IAA) treatment produced the strongest response, followed by IAA methylester (MeIAA), IAA and a-naphthalene-acetic acid (NAA); and indole-3-butyric acid (IBA) produced the weakest response (Fig. 6A) . LE mRNA levels were higher in response to 50 mM IAA treatment for 4 h than for the other auxins and were about three times higher than that of the shoot tips incubated in water (Fig. 6A) . LE also responded positively to NAA and 4-Cl-IAA treatments, but not to IBA or MeIAA.
Higher Uni mRNA levels were produced in pea shoot tips in response to NAA and IBA compared with controls, whereas IAA, 4-Cl-IAA and MeIAA produced little response (Fig. 6A) . We next compared Uni's response to structurally similar weak and strong auxins (Fig. 6B) . Uni mRNA levels were higher in response to NAA compared with 2-naphthylacetic acid (2-NAA), which was similar to that of the controls. Although both IBA and 3-indolepropionic acid (IPA) produced a greater response than that of the controls, IBA produced a greater response than did IPA (Fig. 6B) . Because IAA, MeIAA and 4-Cl-IAA are readily metabolized by plant tissues, we tested whether the lack of auxin response in the first experiment was due to metabolism during the incubation treatments. To test this, we performed two additional shoot tip treatment experiments. In the first, IAA, MeIAA, 2-NAA and NAA solutions were changed every 30 min for 4 h. Uni mRNA levels were higher in all treatments compared with controls but still highest in the NAA treatment (Fig. 6C ). In the second experiment, we used a single auxin (MeIAA) and compared the response of shoot tips treated with unchanged solutions with that of those solutions exchanged every 30 min. Uni mRNA levels were higher in MeIAA that was exchanged compared with that which was not exchanged (Fig. 6D) .
To test whether the auxin response of these genes was direct or required protein synthesis, we compared mRNA levels in shoot tips treated or not with CHX. mRNA levels of PsPIN1 and Uni were similar in MeIAA and CHX þ MeIAA treatments, and higher than controls (Fig. 6E ). Uni expression was also similar in shoot tips treated with NAA and CHX þ NAA (Fig. 6E) . These results differ from the gibberellin experiment, where all genes had much lower expression in CHX þ GA 3 than in GA 3 alone. These results indicated that the observed increase in expression of these four genes did not require new protein synthesis.
Auxin, gibberellin and cytokinin interactions
To study the possibility of interactions between auxin, gibberellin and cytokinin, and gene regulation, we treated shoot tips with different pair-wise combinations of hormones. The mRNA levels of PsPIN1 and PsPK2 were highest after MeIAA þ GA 3 treatment (3.78-and 2.89-fold increase over control 2) followed by MeIAA alone (3.0-and 2.5-fold increase over control 2) and GA 3 alone (2.8-and 1.9-fold increase over control 2) (Fig. 7A) . The other treatments of shoot tips caused intermediate increases in mRNA levels of both PsPIN1 and PsPK2. Uni mRNA levels repeated this pattern and were highest after NAA þ GA 3 (2.9-fold increase over control 2) and NAA treatment alone (2.7-fold increase over control 2) followed by GA 3 alone (2.3-fold increase over control 2); however, there was a 52-fold increase after N 6 -benzyladenine (BAP) treatments (Fig. 7B) . Unlike the other genes, LE was Comparison between 75 mM GA 3 treatment with or without 100 mM CHX for 2 h. DEAD box was used as a control for equal loading. n ¼ 2. The controls in (A) and (B) were untreated shoot tips. For (C), there were two controls: control 1 was untreated shoot tips and control 2 was shoot tips incubated in the water.
responsive to the BAP treatment (Fig. 7B) . Also, mRNA levels of LE were higher in shoot tips treated with NAA and NAA þ GA 3 than in water-treated shoot tips (Fig. 7B ).
Discussion
The compound leaf of pea is distinctly polar in its arrangement of stipules, leaflets and tendrils, as well as in the sizes of these lateral structures. The placement of leaflets and tendrils on the leaf is tightly controlled, and careful structural and genetic analysis has provided evidence that gradients in Af and Tl gene expression determine pinna form (Lu et al. 1996 , Villani and DeMason 1999b , DeMason and Villani 2001 (e x c h a n g e d ) M e IA A (n o t e x c h a n g e d ) Ross et al. 2003a,b) . The two former genes are up-regulated by auxin and gibberellin, but LE is up-regulated by auxin and downregulated by gibberellin. The relative strength of these two responses is not known. Results of expression experiments with the better characterized genes can be used to evaluate the results for Uni to determine the possible roles of each in pea leaf development. The questions addressed in this study are the following. (i) Do PsPIN1 and LE show differential expression in shoot tips of the different pea leaf mutants? (ii) What are the parameters of auxin, gibberellin and cytokinin regulation of Uni, PsPK2, PsPIN1 and LE? (iii) Are there interactions between gibberellin, auxin and cytokinin that affect expression of PsPIN1, PsPK2, Uni and LE in pea shoot tips?
Differential gene expression in the pea leaf form mutants
The Uni gene shows variable expression levels in the classic pea leaf form mutants Chawla 2004a, DeMason and Chawla 2004b) . The mRNA abundance is about 10-and 4.7-fold higher in shoot tips of af tl and af, respectively, and 6.7-and 1.6-fold lower in uni and uni-tac compared with the WT. We previously showed that PsPK2 also shows differential expression because PsPK2 mRNA levels are slightly more abundant in af and af tl and less abundant in tl compared with the WT (Bai et al. 2005 ). PsPIN1 mRNA levels are 2.3-fold higher in af and af tl, somewhat higher in uni and almost 2-fold lower in tl than in the WT, so PsPIN1 is also differentially expressed in the mutants and the pattern is more similar to that of PsPK2 than to that of Uni. A consistent pattern for all three genes is higher expression levels in the af genotypes, especially af tl. We (Bai et al. 2005) had previously hypothesized that this may reflect the presence of higher auxin levels in the af genotypes since auxin regulates PsPK2; however, in fact, it could also reflect higher gibberellin levels since both PsPK2 and PsPIN1 are regulated by gibberellin DeMason 2004, Bai et al. 2005) . LE mRNA levels are 2.3-and 3.2-fold higher in shoot tips of tl and uni, respectively, and slightly lower in af tl compared with the WT. Therefore, the LE gene also shows differential expression in the leaf form mutants but, superficially, the pattern is opposite to that of the other genes. Since LE is known to be down-regulated by gibberellin, this suggests that the gibberellin responses are higher in the af genotypes, especially af tl, whereas they are lower in tl and uni. These mutants differ only in leaf form and show no differences in stem morphology. Therefore, the consistent and differential expression patterns in shoot tips of these mutants suggest that all four of these genes participate in pea leaf morphogenesis.
Analysis of the promoter sequence of Uni
Analysis of the promoter and 5 0 upstream non-coding regions of the PsPIN1 and PsPK2 genes provided valuable information for further empirical experiments with hormonal regulation DeMason 2004, Bai et al. 2005) . The sequences in these two genes show similar potential regulatory elements. Among these are one AuxRE in each promoter and one AuxRR-core in PsPIN1 and seven in PsPK2. Also, both promoters contain two types of gibberellin-regulatory elements: 16 P-boxes in PsPK2 and one in PsPIN1, as well as one TATC-box in each. No classical cytokinin-regulatory elements, such as the ARRbinding site, (A/G)GAT(T/G), is found in either promoter region. The Uni promoter possesses four AuxRR-cores, but no AuxRE sites for auxin response factor (ARF) binding. Although much is known about the roles of ARF and Aux/IAA transcriptional regulators (Liscum and Reed 2002) , the mechanism by which AuxRR-cores participate in auxin regulation of gene expression is not known. Uni possesses 21 P-boxes and 4 TATC-boxes, suggesting gibberellin regulation. Although the LFY gene in Arabidopsis is known to be regulated by gibberellin, it possesses a GA-MYB binding site that infers its response to this hormone (Bla´zquez and Weigel 2000, Gocal et al. 2001 ). However, Uni, which is the LFY homolog in pea, does not contain this gibberellin-responsive cis-element. Like PsPIN1 and PsPK2, Uni does not contain any known cytokinin elements in its promoter region.
Gibberellin regulation of PsPK2, PsPIN1, Uni and LE
To characterize gibberellin regulation of these genes in shoot tips, we used two different approaches. First, we compared shoot tip expression in four gibberellin mutants with that of their respective WT isolines. Secondly, we applied gibberellin to shoot tips and performed both time course and dosage-response experiments. Finally, we tested whether gibberellin acts directly on gene expression or whether an intermediate protein or proteins is necessary. We found that Uni, PsPK2 and PsPIN1 have consistently lower levels of expression in shoot tips of the gibberellin mutants compared with the WT. Consistent with our results on expression in the leaf mutants, the LE gene shows opposite patterns of expression, higher in the mutants compared with the WT. The gibberellin levels in the shoots of each of these mutants are known, and generally correlate with plant height and internode lengths of each. The GA 1 levels are about 2% of normal in na1 (Proebsting et al. 1992 , Davidson et al. 2003 , 3% of normal in ls1, 6% of normal in lh1 (Davidson et al. 2005 ) and 10% of normal in le1 (Ross et al. 1992 ). Although our RT-PCR experiments are semi-quantitative and results cannot be validly compared between experiments, the differential expression in shoot tips of WT compared with the gibberellin mutants for our genes generally reflects the gibberellin levels in these mutants. Greater differences occur between na1 and ls1 vs. WT, and smaller differences exist between lh1 and le1 vs. WT. Further support for a direct relationship between in planta gibberellin levels and Uni activity is the reduced complexity of leaves on the na1 uni-tac double mutants compared with those of uni-tac and na1 and particularly the WT. The reduction is additive.
When gibberellin is applied to detached shoot tips, the expression levels of PsPK2 increase steadily between 30 min and 4 h, but those of PsPIN1 and Uni increase more rapidly to 2 h and decline by 4 h. As expected, LE mRNA levels are low for all sampling times. Further, PsPK2, PsPIN1 and Uni show a maximum response at 75 mM GA 3 . The pattern of expression for LE in the dose-response experiment is interesting. As expected, the expression is lower in treated shoot tips compared with untreated controls, but there is a steady increase at higher concentrations of applied gibberellin up to 100 mM, and a 2.3-fold increase in 75 mM GA 3 over the water treatment control. This indicates that there is some concentration modulation within the negative feedback control of LE expression. Finally, as expected, if they are regulated by P-box-or TATC-box-binding transcription factors, PsPK2, PsPIN1 and Uni all require protein synthesis for their gibberellin response. The upregulation of LE by 75 mM GA 3 treatment also requires protein synthesis. Therefore, there is a consistent pattern of up-regulation of all four genes in response to high concentrations of applied gibberellin (Fig. 8) .
Auxin regulation of Uni, PsPK2, PsPIN1 and LE
In a previous study, we compared the relative responsiveness of PsPK2 to a range of natural and synthetic auxins (Bai et al. 2005) . We found that it was most responsive to MeIAA, followed by IAA, 4-Cl-IAA and IBA in that order. Chawla and DeMason (2004) compared the response of PsPIN1 to MeIAA and 4-Cl-IAA only and found that it was slightly more responsive to 4-Cl-IAA. LE is regulated by IAA but is not an early auxin response gene (O'Neill and Ross 2002) . Although LE's response to other auxins has not been directly tested, O'Neill and Ross (2002) showed that IAA followed by NAA, 4-Cl-IAA and IBA regulate GA 1 biosynthesis differentially. In this study, we expanded our testing of PsPIN1 and LE, and focused on auxin regulation of Uni. PsPIN1 and LE show differential sensitivity to different auxins. PsPIN1 is most sensitive to 4-Cl-IAA, followed by MeIAA, and IAA, and is less responsive to NAA and IBA. LE is most sensitive to IAA, followed by 4-Cl-IAA among the naturally occurring auxins in pea (Magnus et al. 1997) , but is also sensitive to NAA, which is a synthetic auxin. This response pattern of LE resembles that of GA 1 synthesis overall (O'Neill and Ross 2002) , supporting the idea that LE plays an important regulatory role in this process. These three auxin-regulated genes, PsPK2, PsPIN1 and LE, have distinctly different sensitivities to the auxins used in our experiments, suggesting that their activities in different plant parts and different tissues may also differ in developing pea plants.
In our initial experiment, we demonstrated that Uni expression is also sensitive to auxin, because it showed a greater response to NAA than did any of the other genes. However, in this experiment, Uni mRNA levels did not appear to respond to most naturally occurring auxins. To understand this response, we designed a series of experiments including testing Uni's response to related active vs. inactive analogs and its response to constantly replenished solutions. This series of experiments provided definitive evidence that Uni is auxin regulated, but that it requires much higher levels of auxin than those necessary to regulate PsPK2 or PsPIN1 expression. This may be due to the fact that PsPIN1 and PsPK2 each have an AuxRE site in their promoters, whereas Uni does not. Based on the fact the PsPK2 has both AuxRE and AuxRR-cores in its promoter and that it is up-regulated within 10 min of auxin treatment, we (Bai et al. 2005) proposed that it is an early auxin response gene. PINOID, the homolog in Arabidopsis, was also shown to be an early auxin response gene (Benjamins et al. 2001) . In a previous study, O 'Neill and Ross (2002) tested whether the auxin response of LE was direct or required protein synthesis, and they concluded that it was not an early auxin response gene. We find that auxin has a direct effect on the response of Uni, PsPIN1 and PsPK2 and therefore they are all early auxin response genes. Whether or not LFY (the Uni counterpart in Arabidopsis) is regulated by auxin is not known. Some published experimental data imply it might be. For example, Vernoux et al. (2000) have shown that pin1 mutants have reduced LFY expression and reduced expression of its downstream targets. Heisler et al. (2005) have shown that LFY expression correlates with pPIN::PIN1-green fluorescent protein (GFP) expression and have suggested that auxin transport routes directly or indirectly regulate LFY expression patterns. The auxin response of the other FLO/LFY genes in other plant species should be tested to determine if it is a common feature of this gene or if it is unique to the Uni gene in pea.
Leaf morphogenesis
Uni
Cytokinin regulation of Uni, PsPK2, PsPIN1 and LE
We previously demonstrated that auxin rescue of leaf development in the uni-tac mutant required the presence of cytokinin (BAP) in the medium (DeMason 2005a). In the presence of both hormones, cultured pea shoot tips grew more vigorously. Our explanation for this result was that auxin and cytokinin may interact to increase cell division rates in shoot tips. Further, cytokinin has been shown to promote auxin production and transport in pea (Li and Bangerth 2003) . A goal of this study was to look at cytokinin regulation of these genes as well as interactions between cytokinins, auxin and gibberellin to elucidate the role of this hormone in the rescue process. At best, BAP only marginally increases mRNA levels of PsPK2, PsPIN1 and Uni, and does not enhance expression in combination with GA 3 or MeIAA compared with either of those hormones used alone. Further, none of these three genes has any known cytokinin-regulated cis elements in their promoter regions. However, LE mRNA levels increase about 3.3-fold by treatment with BAP compared with the water treatment control. Even though LE expression is also enhanced by NAA and GA 3 treatments, BAP in combination with GA 3 or NAA does not result in any further enhancement. These results suggest that in the uni-tac rescue experiments, BAP acts indirectly to increase LE expression and overall gibberellin levels, thereby enhancing expression of the other genes, including Uni (Fig. 8) .
Hormone interactions and expression of Uni, PsPK2, PsPIN1 and LE The only pair of hormones which when used together results in an increase in expression compared with either hormone used alone is the combination of auxin and gibberellin. This combination results in the highest expression levels measured for all four genes of interest. However, the enhancement in comparison with auxin or gibberellin used alone is neither synergistic nor even additive. These results suggest that auxin and gibberellin regulation mainly occurs in the same signaling pathway and not separately. This is especially true for Uni's regulation, since its expression is more sensitive to gibberellin than it is to auxin (Fig. 8) . Auxin is known to regulate gibberellin levels in pea internodes via its control of biosynthetic and catabolic enzymes. Auxin up-regulates GA3ox1 (LE) transcription and down-regulates GA2ox transcription (Ross et al. 2000, O'Neill and Ross 2002) . Further, 4-Cl-IAA increases expression of GA20ox in pea pericarps (Huizen et al. 1997, Ozga and Reinecke 1999) . Ross et al. (2003b) have hypothesized that the stem growth response previously attributed to auxin is really due to the secondary production of GA 1 , and that auxin and GA 1 together comprise a two-factor control system for 'action at a distance'. Auxin is the mobile factor and GA 1 is the actual effector. Therefore, the unique polar transport of auxin within the shoot tip sets up not only a gradient of auxin concentration that runs from tip to base, but also a secondary and parallel gradient of gibberellin concentration. Chawla (2004a, 2004b) have proposed that a gradient of auxin and gibberellin concentrations also exists in developing pea leaves and that this two-factor control system is mimicked there to control Uni expression (DeMason 2005a). This hypothesis was based on the premise that Uni is transcriptionally regulated by auxin and/or gibberellin. This premise was tested in this study, and the results support the hypothesis that both auxin and gibberellin exert their effects on pea leaf morphogenesis upstream of Uni (Fig. 8) since Uni is distinctly regulated by both auxin and gibberellin. Further experiments are planned to confirm these relationships.
Hormone regulation of gene expression in compound leaves
Compound leaves occur in a number of Angiosperm families across many orders, and occur in some very primitive families. Unfortunately, molecular and genetic characterization of development of compound leaves has only been carried out to any extent in a few species. From this work, two different patterns have been identified that are exemplified by two model species: tomato and pea (Busch and Gleissberg 2003, Piazza et al. 2005) . In tomato, an interaction between KNOX and gibberellin biosynthesis controls the level of leaf dissection during development. Gibberellin results in decreased dissection and antagonizes KNOX-induced increases in dissection, and KNOX represses the gibberellin biosynthetic gene, Le20ox1 (Hay et al. 2002) . Auxin also reduces dissection in tomato leaves. Wang et al. (2005) showed that IAA9-inhibited transgenic tomato lines produce simplified leaves but have normal KNOX expression. In contrast, leaf dissection in pea is controlled by Uni, auxin and gibberellin interactions. Uni has been shown to be the most important gene controlling development of the compound leaves of pea (Hofer et al. 1997 , Gourlay et al. 2000 , DeMason and Schmidt 2001 , DeMason and Chawla 2004a , DeMason 2005b . Gibberellin and auxin applications promote the development of larger leaves with more pinna pairs (DeMason 2005a). We showed here that gibberellin and auxin regulate Uni in pea shoot tips, and suggest that this is the primary regulating pathway in pea leaf morphogenesis. Busch and Gleissberg (2003) have shown that an ortholog of this gene (EcFLO) plays a role in the development of compound leaves in the primitive species, Eschscholzia californica, and propose that it may be involved in the development of dissected leaves in an array of Angiosperm orders including Fabales, Vitales, Solanales and Ranunculales. Mechanistic information learned from pea could potentially provide valuable information on the evolution of compound leaves in the Angiosperms as a whole. Our understanding of molecular mechanisms of leaf development can move forward both if more species are studied and if model systems are studied in more depth.
Materials and Methods
Materials and growth conditions
The leaf morphology mutants of P. sativum used for this study are available from the Marx collection, which resides at the USDA-ARS Pacific West Area germplasm collection in Pullman, Washington, USA. The tendrilled acacia (uni-tac) line (W6 27606) was constructed by back-crossing W6 15272 (uni-tac) to W6 22593 (WT) (DeMason 2005b) . The uni line was W6 15302 and uni plants were obtained as described in DeMason and Schmidt (2001) . The other lines used were from a set of near isogenic lines constructed by G. Marx and designated: WT, W6 22593; tl, W6 22594; af, W6 22597 ; and the double mutant af tl, W6 22598. The gibberellin mutants and their related WT lines, 205 þ (LE), 205-(le), 107 (LH LS), NGB 5843 (lh2), 181 (ls1), WL1769 (NA) and WL1766 (na1) were all obtained from Dr James D. Reid, University of Tasmania, Australia. To construct the na1 uni-tac double mutants, W6 15272 (uni-tac) was used as the male parent and WL1766 was used as the female parent. The resulting F 1 seeds were grown to maturity and the F 2 seeds were pooled. F 2 plants with the uni-tac phenotype were selected and plants were segregated according to size. The shortest plants were identified as na1 uni-tac double mutants.
For purposes of propagation, two seeds of each line were sown into 1 gallon pots filled with UC soil mix supplemented with slow-release fertilizer (Osmocote 14-14-14) and plants were grown in a standard greenhouse at 208C in the day and 158C at night. Seeds were collected from drying pods of selfed or hand-pollinated plants.
For the various expression experiments performed in this study, shoot tips were obtained from peas grown in one of two ways: in greenhouse conditions or in a dark room. For greenhouse conditions, seeds of the appropriate genotypes were grown in UC soil mix in flats until the leaf at the tenth node (counting the cotyledonary node as node 1) extended from the stipules of leaf 9. Shoot tips, consisting of node 12 and all enclosed leaves, were dissected out and immediately frozen in liquid nitrogen and stored in a À808C freezer. This process ensured that all shoot tips collected were at the same developmental stage for all genotypes. Two replicates were collected for each genotype. For dark room conditions, WT seeds were surface sterilized in 10% bleach for 10 min, washed in four changes of deionized water, and imbibed overnight in 2 l of deionized water. They were then sown in sterile vermiculite, saturated with sterile deionized water, and grown for 7 d at room temperature in complete darkness. The shoot tips above the apical hook were dissected from seedlings under a dim green safe light and frozen immediately (control 1) or treated with hormones or inhibitor. A second control (control 2) was done in which shoot tips were incubated in water. Two replicates of eight shoot tips each were done for each treatment or control. After the appropriate incubation time, the shoot tips were collected, frozen in liquid nitrogen and stored at À808C. Two controls were needed because isolation and incubation in water causes a reduction in naturally occurring auxin and gibberellin levels (Ross et al. 2003) .
The hormones used were IAA, 4-Cl-IAA, IBA, MeIAA, NAA, 2-NAA, IPA, GA 3 and BAP. All hormones were obtained from Sigma except 4-Cl-IAA, which was a gift from Jerry Cohen, 2-NAA which was from Aldrich, and IPA which was from Acros Organics. CHX, an antibiotic, which acts as an inhibitor of protein synthesis, was from A. G. Scientific. All hormones and CHX stock solutions were made in 100% ethanol, except BAP, which was dissolved in 1 N HCl. The appropriate amount of hormone solution was added to the deionized water used as the bathing medium. Treated shoot tips were immediately frozen in liquid nitrogen after treatment and stored at À808C until RNA purification.
Uni promoter sequence determination and analysis
The Uni promoter sequence including the 5 0 -untranslated region (2.5 kb) (GenBank accession No. DQ295789) was obtained using PCR and adaptor-ligated genomic pea DNA restriction enzyme fragment libraries generated using the Universal GenomeWalker Kit (Clontech). An initial 1.1 kb fragment was amplified by two rounds of nested PCR using the library made with DraI. The two gene-specific primers (GSPs) used were: GWP1 (5 0 -TAT AGA AAG CGT AAG GTG GCA AAC GAG-3 0 )R and GWP2 (5 0 -AAC GTG GTT TAC CGA AAA TAC CCT TTG-3 0 )R. An additional 1.5 kb upstream sequence was amplified by another two rounds of nested PCR from the library made with NaeI. The two GSPs used in this case were: GW#2 (5 0 -TAT TCG ATG AGT GAC GAG ATG TGA AGC-3 0 )R and GWnest#3 (5 0 -AAA AAT CCC CGT CTA CCC CTT TTT GTA-3 0 )R. The first round PCR was 2 s at 948C and 3 min at 728C for seven cycles, Hormone regulation of gene expression in pea shoot tipsfollowed by 2 s at 948C and 3 min at 678C for 36 cycles, and ended at 678C for 4 min. The second round PCR was 2 s at 948C and 3 min at 728C for five cycles, followed by 2 s at 948C and 3 min at 678C for 20 cycles, and ended at 678C for 4 min. The Uni promoter sequence was analyzed using PlantCARE (http://oberon. rug.ac.be:8080/PlantCARE/index/html) and PLACE (http:// www.dna.affrc.go.jp/htdocs/PLACE/fasta.html)
Gibberellin induction experiments
To test for gibberellin induction, two dark room experiments were performed. In the first experiment, shoot tips were separated into two groups: shoot tips in one group were placed in sterile deionized water or 75 mM GA 3 in the dark for 30 min, 2 h or 4 h; and in the other group, shoot tips were treated with 25, 50, 75 or 100 mM GA 3 for 2 h. In the second experiment, the shoot tips were incubated with water, 75 mM GA 3 , 100 mM CHX or both in the dark for 2 h.
Auxin induction experiments
Several auxin induction experiments were carried out. In the first experiment, dark room-grown shoot tips were incubated with water, 50 mM IAA, 4-Cl-IAA, IBA, MeIAA or NAA for 4 h. In the second experiment, shoot tips were incubated with water, 50 mM NAA, 2-NAA, IBA or IPA for 4 h. In the third experiment, shoot tips were incubated with water, 50 mM IAA, MeIAA, NAA or 2-NAA for 4 h and these solutions were exchanged with fresh solutions every 30 min. In the fourth experiment, shoot tips were incubated with water or 50 mM MeIAA for 4 h with or without exchanging with fresh solution every 30 min. To test whether auxin works directly on gene expression, shoot tips were incubated with water, 50 mM auxin (MeIAA or NAA), 100 mM CHX or both in the dark for 30 min (PsPK2) or 4 h (PsPIN1 and Uni).
IAA, 4-Cl-IAA and IBA were used because they are naturally occurring auxins in pea. MeIAA was used because it is transported through tissues and cell membranes more efficiently than other auxins, and when MeIAA enters a cell, the methyl group is cleaved off producing IAA (Dr. Jerry Cohen, personal communication). NAA and IBA were used because they are not readily metabolized. 2-NAA and IPA were used because they are relatively inactive auxins.
Auxin, gibberellin and cytokinin treatments
Dark-grown shoot tips were incubated with water, 50 mM MeIAA or NAA, 75 mM GA 3 , 10 mM BAP, 75 mM GA 3 þ 50 mM MeIAA or NAA, 10 mM BAP þ 50 mM MeIAA or NAA, and 75 mM GA 3 þ 10 mM BAP in the dark for 4 h.
RNA extraction and cDNA synthesis
Total cellular RNAs were isolated from shoot tips using the RNeasy Mini Kit (Qiagen) according to the manufacturer's protocols. RNA samples were treated with DNase I (DNA-free kit, Ambion, Austin, TX, USA) on the mini spin column according to the manufacturer's instructions in order to eliminate any contaminating genomic DNA. The RNA was carefully quantified and run on a gel with ethidium bromide staining to verify equal loading. cDNAs were synthesized separately from each RNA preparation in a 20 ml reaction mixture containing 1 mg of total RNA, 2 ml of 10 Â RT buffer, 2 ml of a dNTP mixture (each at 5 mM), 1 ml of random hexamer primer mixture, 0.25 ml of RNase inhibitor and 1 ml of Ominiscript Reverse Transcriptase (Qiagen). Synthesis time was 1 h at 378C.
Semi-quantitative RT-PCR
PCR was performed in 25 ml containing 1 U of HotStarTaq DNA polymerase (Qiagen), 5 ml of cDNAs, 100 mM dNTP, 5 pM each specific primer and 2.5 ml of 10 Â reaction buffer. The PCR conditions were 15 min at 958C, followed by 19 cycles of 1 min at 948C, 1 min at the appropriate annealing temperature for the primers and 2 min at 728C, followed by a final extension of 10 min at 728C. The annealing temperature differed for each gene: that for Uni was 568C, that for LE was 668C, that for PsPIN1 was 628C and that for both PsPK2 and DEAD box was 608C. Nineteen cycles is in the linear range for PsPIN1, DEAD box (Chawla and DeMason 2004) P-labeled probes for PsPK2, PsPIN1, Uni, LE and DEAD box separately. Quantification of the blots was done using a Typhoon 9410 (Amersham Pharmacia Biotech) Phosphoimager. The PsPK2/DEAD box, PsPIN1/DEAD box, Uni/DEAD box, LE/DEAD box densitometry ratios were calculated and graphed using SigmaPlot 2000. The sample size was two separate sets of RNA extractions from each treatment. Means and standard errors were determined using Microsoft Excel xp.
All experiments were done at least twice to ensure reproducibility.
